ABSTRACF
load on skeletal muscle tissue in vivo (i.e., exercise) are well characterized. They include such responses as increased overall muscle mass (1), increased capillarity (2) , and changes in fiber type composition (3) . Exercise of skeletal muscle leads to activation of satellite cell proliferation (4), myofiher hypertrophy (5) , and in some instances, myofiber hyperplasia (6) . Exercise has also been linked to an increase in the production of muscle growth factors, such as fibroblast growth factor (FGF)2 (7, 8) and insulin-like growth factor-i (IGF-1) (9) . The use of a mechanically active tissue culture environment has demonstrated that mechanical loading (i.e., stretching) of skeletal myotubes results in the initiation of cell growth (i.e., in vitro hypertrophy) (10) . However, the mechanism (or mechanisms) by which mechanical load is transduced into a skeletal muscle growth response is unknown.
We previously showed that exercise of skeletal muscle in vivo resulted in a substantial increase in the number of mechanically induced, transient sarcolemma disruptions or "wounds" (11) . In addition, there was a significant negative correlation between the degree of myofiber wounding and the amount of basic FGF (FGF2) present in the myofi her cytoplasm (11) , a growth factor shown to play an important role in the modulation of skeletal muscle growth (12) (13) (14) .
Our observations in this and other model systems (15) 
METHODS AND MATERIALS

Assessment of differentiation
Cells where grown in either Flex I (flexible bottoni) or Flex II (rigid bottom) plates for a period of 7 days in differentiation medium (5% HS/DMEM/F12) with and without intermittent stretching of the cultures (Fig. 1) Statistical analysis was carried out using a one-way ANOVA.
and immunoblotted for the presence of the MM fraction of CK (CK-MM), a specific skeletal muscle differentiation marker. The cells were washed with three changes of warm D-PBS, which was replaced with either 250 p.1 of ice-cold Tris buffer (pH 7.2) or 250 p1 of ddH2O containing 1% (w/v) SDS. The cells where then lysed using a sonic cell dismembrator (Fisher Scientific, Model 150). The cell lysate was removed and a 50 p.1 aliquot was removed for determination of total protein content using the BCA protein assay as described by the manufacturer.
Cell lysates made up in Tris buffer were assayed for CK activity using a commercially available assay for CK based on the conversion of NADP to NADPH (Roche Diagnostic Systems, Inc.) measured at 340 nm using a Cobas Mira Chemical Analyzer (Roche Diagnostic Systems, Nutley, N.J.). Cell lysates in 1% SDS were centrifuged at 10,000 X g for 30 mm to remove any particulate matter. The supernatani was removed, diluted 1:1 with 2X Laemmli's sample buffer, and denatured by boiling for 5 mm. Equal amounts of total protein (8 p.g per lane) from proliferating and 7-day-old differentiated HSkMC cultures, along with purified human CK-MM and prestained molecular weight markers, were then separated on a 12% polyacrylamide minigel and transferred to a 0.2 p.m nitrocellulose filter as previously described (11) . The immunoblot was blocked for 1 h using containing 10 mg/mI FDxLys (a fixable membrane wound marker) (16) that was gently swirled around in the well to ensure proper mixing. The plates were immediately placed in the Flexcell Strain Unit and stretched for a period of 10 mm at 0, 10, or 20% elongation (radial and linear stretch) in a humidified 5% CO2 atmosphere. The plates were removed from the Flexcell Strain Unit and the medium was removed by washing gently with five changes of warm D-PBS over a period of 10 mm to remove as much free FDxLys as possible from the wells. Cells were then fixed in D-PBS (pH 7.2) containing 4% ( 
Detection of FGF using an ELISA protocol
The amount of FGF present in the culture medium from stretched and unstretched 7-day-old differentiated 1ISkMC was determined using a modified version of a previously reported technique (17) . Briefly, myotube cultures were gently washed with two changes of warm D-PBS and then 1 ml of serum-free DMEM/F12 was added to each well. The plates were immediately placed on the Flexcell Strain Unit and stretched for a period of 10 mm at 0, 10, or 20% elongation (radial and linear stretch) in a humidified 5% CO2 atmosphere. Time serum-free medium was collected and protease inhibitors were added to achieve final concentrations of 5 pg/mI aprotinin, 5 p.g/ml leupeptin, 5 pg/mI betstatin, and 25 mM PefaBloc, and then placed on ice. The cells were gently washed with two changes of warm D-PBS and soluhilized in 0.5 ml of 0.1 M NaOH. Total protein per well was determined using the BCA protein assay as described by the manufacturer.
The chilled medium was centrifuged at 12,000 X g for 10 mm at 4#{176}C to remove any particulate matter. bFGF in the medium was then concentrated and desalted using heparin affinity chromatography followed by membrane filtration, and the amount of bFGF present was determined using an ELISA technique as previously described (17) . The amount of bFGF detected in the concentrated tissue The FASEB Journal CLARKE AND FEEBACK culture medium was determined by comparison to a standard curve constructed on the same plate using purified human recombinant bFGF. The total amount of bFGF released by the stretched myotubes was expressed as (pg) bFCF/(l pg) total protein per well.
Effect of FGF blockade on total protein content of chronically loaded HSkMC cultures
Seven-day-old differentiated HSkMC cultures were subjected to no stretching or mechanical stretching as illustrated in Fig. lB (17) . At the end of the 7 day period the cells were gently washed with warm D-PBS, which was replaced with 250 p.1of ice-cold Tris buffer (pH 7.2). The cells where then lysed using a sonic cell dismembrator (Fisher Scientific, Model 150). The cell lysate was removed and a 50 p1 aliquot was removed to determine total protein content/well using the BCA protein assay as described by the manufacturer.
RESULTS
Effect of mechanical load on HSkMC differentiation
HSkMC, seeded at identical densities in DMEM/F12 medium containing 5% HS to induce differentiation, were grown under static or dynamic (Fig. 1) culture conditions. After a period of 7 days, HSkMC had fused to' form elongated, multinucleated cells ( Fig. 2A ) that contained the MM isoform of creatine kinase, a differentiation marker specific to skeletal muscle (Fig. 2B) . In addition,HSkMC that had been grown in a mechanically active environment contained significantly more total CK than did cells grown under static conditions ( Fig. 2C) FDx detected compared to that found in the cell lysates of static, control cultures (Fig. 4) . When the mechanical load was increased to 20% elongation, a further increase in the amount of FDx detected was observed (Fig. 4 ) However, thisincrease did not prove significantly different from the levels found in the 10% elongated cells.
Effect of mechanical load on release of FGF from HSkMC
Acute mechanical loading of 7-day-old HSkMC caused a significant increase in the amount of FGF released by stretched cultures (Fig. 5) . As the amount of mechanical load increased, so too did the amount of FGF released into the medium from both 7-day-old static ( Fig. 5A) and prestretched (Fig. SB) cultures. In addition, the amount of FGF released into the medium surrounding cells that had been prestretched for 7 days (Fig. 58) was approximately ninefold more than that from cells grown for 7 days in the static configuration (Fig. 5A) .
Effect of FGF blockade on totalprotein content of chronically loaded HSkMC cultures
The observation that imposition of mechanical load resulted in the release of FGF into the surrounding medium by HSkMC led us to investigate the effect of FGF blockade upon the total protein content of chronically loaded HSkMC cultures.
As previously reported (10), mechanical stretching of skeletal muscle cells in culture results in an increase in the amount of total protein produced by these cells (i.e., in vitro hypertrophy) (Fig. 6) . The presence of purified heparin (Mr -3000) in the medium of mechanically loaded cells caused a significant reduction in the total amount of protein produced over a 7 day period of intermittent mechanical load (Fig. 6 ). This reduction was even more pronounced if the cells were stretched in the presence of the FGF neutralizing antibody (CR1) (Fig. 6) Both heparin and CR1 had significant effects on the total amount of protein produced in static control cultures, although the magnitude of the effect was not as great as that observed in stretched cultures.
DISCUSSION
The mechanism (or mechanisms) responsible for transducing an increase in mechanical load into a hypertrophic response is uncertain.
It is becoming increasingly clear that several different mechanisms may play a role in this response, including stretch-activated ion channels (20) , mechanotransduction via alterations in integrin receptor binding (21) or internal cytoskeletal tension (22) , and release of polypeptide trophic factors in response to mechanical load (11, 17, 23) . Several different polypeptide growth factors have been shown to be involved in mechanical load-induced cardiac and skeletal muscle hypertrophy.
For example, angiotensin II (ANG II) is released from cultured cardiac myocytes as a consequence of continuous stretch (23) and is capable of initiating a hypertrophic response in these cells (24) . Acidic and basic FGF, molecules both capable of initiating a hypertrophic response in cardiac myocytes (25, 26) , have also been shown to be released from the intact, beating heart in a load-dependent fashion via transient sarcolemma wounds (17) . Sarcoplasmic wounding, a mechanical stress-induced transient disruption of the plasma membrane, has also been shown to occur in mechanically loaded skeletal muscle (27) . In an eccentric exercise model, a direct inverse correlation was observed between the degree of myofiber wounding and the amount of bFGF detected in the myofiber sarcoplasm of the mechanically loaded triceps muscle (11) . In this study we have investigated the effect of mechanical load on sarcoplasmic wounding, and consequent bFGF release, from differentiated human skeletal muscle cells in vitro. Using a mechanically active tissue culture environment, the Flexcell Strain Unit (28), we have demonstrated that acute mechanical load inflicts sarcoplasmic wounding (Fig. 3) , and that as load increases, so too does the amount of sarcoplasmic wounding (Fig. 4 ). We also demonstrate that acute mechanical load results in the release of bFGF from human skeletal muscle cells, and that as the mechanical load is increased, so too does the amount of bFGF released into the surrounding medium (Fig. 5A) . In addition, we also observed that prestretching of HSkMC cultures for a 7 day period resultedin the releaseof approximately ninefoldas much bFGF as from HSkMC cultures that had not previously been stretched (Fig. 5B) . The amount of bFGF released at 20% 
Statistical analysis was carried
out using a one-way ANOVA.
elongation was significantly greaterthanat10% elongationin both staticand prestretched HSkMC cultures (Fig.5) , whereas the amount of cytoplasmic FDx detected after 20% elongation was not significantly increased above the levels detected after 10% elongation (Fig. 4) . These data suggest thatthereisa difference inthesizeorfrequencyofmembrane wounding inflicted at 20% vs. 10% elongation.
The data presented in Fig. S The role of membrane wound-mediated release of FGF in inducing skeletal muscle hypertrophy in vivo has yet to be definitively proved. We recently reported that an increase in the mechanical load placed upon the heart results in an increase in the frequency of membrane wounding and the amount of FGF (both aFGF and bFGF) released by cardiac tissue (17) , and suggested that such release may result in cardiac hypertrophy in vivo. In addition, the ability of protamine, a FGF receptor blocker, to reverse cardiac hypertrophy induced by pressure overload (31) indicates that FGF plays a central role in cardiac hypertrophy.
As previously reported (10), mechanical loading/stretching of differentiated skeletal muscle cells in vitro induces an increase in total protein present (i.e., in vitro hypertrophy).
In this study, we observed that intermittent mechanical loading of differentiated HSkMC cultures for a period of 7 days (Fig. 1 ) resulted in a significant increase in total protein content (Fig.6) . However, the additionof purifiedheparin (Mr -3000) to the culture medium, a molecule capable of binding a variety of growth factors including bFGF, caused a significant reduction in total protein levels over the 7 day period (Fig. 6) that any increase in total protein after chronic mechanical loading due to bFGF-driven myocyte proliferation is unlikely.
In addition, a parallel study carried out in this laboratory indicates that 7 days of chronic mechanical loading significantly decreased DNA synthesis (as determined by tritated thymidine incorporation) on a pet' unit microgram protein basis when freshly seeded, proliferating HSkMC cultures were used rather than 7-day-old differentiated cultures (unpublished data). As we did not measure actual protein synthesis rates, one other potential. interpretation of our data is that the increase in total protein induced by mechanical loading is due to a reduction in protein degradation rather than protein synthesis, as has previously been observed in a mechanically active chick myotube model (32) .
The data presented in this report indicate that bFGF, and potentially aFGF, released as a consequence of mechanically induced membrane wounds, is capable of inducing in vitro hypertrophy via an autocrine growth-promoting mechanism. In addition, it is possible that the decrease in total protein content of HSkMC observed in the presence of hepai'in may, in part, be mediated by inhibition of other heparin binding growth factors released upon loading. One such growth factor is IGF-1, which is up-regulated in skeletal muscle after exercise (9) and induces an increase in total protein content of skeletal muscle cells in vitro when added to the medium (33 
